Effective field theories for quarkonium at zero and finite temperature provide an unifying description for a wide class of phenomena. As an example, we discuss physical effects induced by dipole transitions.
Effective field theories
The hierarchies of EFTs for quarkonium at zero and finite temperature are shown in Fig. 1 . In the following, we will consider systems for which Mv ≫ T, so that both the scale M and the scale Mv may be integrated out ignoring medium effects (third column of 
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Figure 1: Hierarchies of EFTs for quarkonium at zero temperature [2] and at finite temperature [5] [6] [7] [8] [9] .
Heavy quark-antiquark annihilation and production happen at the scale M. The suitable EFT is NRQCD [10, 11] . The effective Lagrangian is organized as an expansion in 1/M and
(1)
where O n are NRQCD operators of dimension 4 + n and c n are NRQCD matching coefficients. For quarkonium production in NRQCD, see also [12] .
The heavy quark and antiquark in quarkonium cannot be resolved at scales lower than Mv. The suitable EFT is pNRQCD [13, 14] . The effective Lagrangian is organized as an expansion in 1/M, α s (M) and r:
where O n,k are pNRQCD operators and V n,k are the pNRQCD matching coefficients. The matching coefficients of the four-fermion, dimension six, operators may be interpreted as the potentials of the bound-state Schrödinger equation, while the matching coefficients of the higher-dimension operators describe the couplings of the heavy quarks to the lowenergy degrees of freedom. To list the low-energy degrees of freedom and to write explicitly the Lagrangian of pN-RQCD we need to specify our system. In the following, we will concentrate on the physics of the quarkonium ground states in the presence of a medium whose temperature is much lower than the typical moment transfer in the bound state (this situation includes the vacuum). For a recent review, also on the physics of the quarkonium ground states, we refer to [15] . The suitable EFT for the quarkonium ground states is weakly coupled pNRQCD, since for those systems
The degrees of freedom are quark-antiquark states (colour singlet, S, colour octet, O), low-energy gluons and photons, and n f light quarks (q i ). The Lagrangian reads
At leading order in the power counting, the singlet field S satisfies a Schrödinger equation with potential V s . Higher-order terms are in ∆L, which describes the interaction with the low-energy degrees of freedom. The leading interactions are (chromo)electric and (chromo)magnetic dipole interactions (ee Q is the electric charge of the heavy flavour Q):
The corresponding Feynman diagram vertices are shown in Fig. 2 . The matching coefficients V A , V 1 , V em A and V em 1 are one at leading order in the coupling. In the following, we will consider the effect of the self-energy correction to the singlet propagator induced by the dipole vertices (4) in three different observables: the quarkantiquark static energy at zero temperature in perturbation theory, the photon line shape in the J/ψ → X γ radiative decay for 0 MeV ≤ E γ < ∼ 500 MeV and the Υ(1S) width induced by a medium whose temperature is about twice the critical temperature. 3 The perturbative potential and static energy at T = 0
The quark-antiquark static energy, E 0 , is given by the large-time exponential fall off of the static Wilson loop [16] . In pNRQCD, the large-time Wilson loop is matched by the singlet propagator, see Fig. 3 . Hence, the static energy is given by the singlet static potential V (0) s plus corrections due to the coupling of the singlet to low-energy gluons and light quarks. The one-loop correction is shown in the right side of Fig. 3 : the low-energy gluon is coupled to the singlet through the chromoelectric dipole vertex of Fig.2(a) . Explicitly the static energy is given by
where the chromoelectric correlator Tr{r · E(t) r · E(0)} comes from the two chromoelectric dipole vertices. The factorization scale, µ, dependence cancels between the two terms in the right-hand side, therefore, the µ dependence of the singlet static potential, V (0) s ∼ ln rµ, ln 2 rµ, ..., may be deduced from the µ dependence of the one loop correction
Since the static Wilson loop is known up to N 3 LO [17] [18] [19] [20] , the octet potential, V
o , is known up to NNLO [21, 22] , [23] and the chromoelectric correlator Tr{r · E(t) r · E(0)} is known up to NLO [24] , from (5) it follows that up to N 4 LO (in the scheme of [23] )
where the coefficientã 1 may be read from [25, 26] 
where β i are the coefficients of the beta function.
Finally, summing back the low-energy contributions in (5), we obtain the static quarkantiquark energy at N 3 LL [28] , which may be compared with lattice data (see Fig. 4 ). The conclusion is that perturbation theory, supplemented by a suitable renormalon subtraction scheme, describes well the static quark-antiquark energy at short distances, i.e. up to distances of about 0.25 fm (r 0 ≈ 0.5 fm in physical units). Indeed, one can use this to extract Λ n f =0 MS r 0 = 0.622 +0.019 −0.015 and, in perspective, r 0 , once high-precision unquenched lattice data will be available [29] . The static quark-antiquark energy at N 3 LL taken from [29] plotted against the quenched lattice data from [30] . r 0 stands for a lattice scale of dimension −1.
4 The photon line shape in J/ψ → X γ for 0 MeV ≤ E γ < ∼ 500 MeV
We consider the radiative decay J/ψ → X γ for 0 MeV ≤ E γ < ∼ 500 MeV. The relevant scales are:
MeV -600 MeV and 0 MeV ≤ E γ < ∼ 500 MeV, which is smaller than M c v. It follows that the system is (i) non-relativistic, (ii) weakly-coupled at the scale M c v: v ∼ α s , and (iii) that we may multipole expand in the external photon energy [31] .
Three main processes contribute to J/ψ → X γ for 0 MeV ≤ E γ < ∼ 500 MeV. α π
. We observe that the non-relativistic Breit-Wigner distribution goes like: (ii) Electric dipole transition J/ψ → χ c0,2 (1P) γ → X γ The J/ψ may decay through an intermediate electric dipole transition to a χ c0,2 and a photon. This process is shown by the cut diagram in Fig. 6 . The differential width reads [32] A study of electric transition in quarkonium in pNRQCD has been presented in [35] .
Υ(1S) thermal width for T < ∼ 2T c
The bottomonium vector ground state, Υ(1S), produced in heavy-ion collisions at the LHC may possibly realize the hierarchy [36] (see also [37] )
where T is the temperature of the QCD plasma created by the collisions. A temperature T, such that πT is of the order of 1 GeV, is about twice the critical temperature of the quarkgluon plasma formation, T c ; m D stands for the next-relevant thermal scale: the Debye mass.
Studies of the Υ(1S) properties and, in particular, of its width in the above conditions are very timely because signals of bottomonium dissociation have just been seen by the CMS experiment [38] .
According to the above hierarchy, the bound state is weakly coupled, the temperature is lower than M b α s , implying that the bound state is mainly Coulombic, and the effects due to the scale Λ QCD and to the other thermodynamical scales may be neglected. Integrating out T from pNRQCD modifies pNRQCD into pNRQCD HTL (see Fig. 1 ), whose Yang-Mills Lagrangian gets an additional hard thermal loop (HTL) part [39] and potentials get additional thermal corrections. One effect of the HTL part is to give a mass, m D , to the temporal gluons. The leading thermal contribution to the potential is encoded in the diagram of Fig. 8 , where thermal gluons couple to the singlet through chromoelectric dipole vertices (the difference with the diagram in Fig. 3 is in the gluon propagator). The loop momentum region is taken to be k 0 ∼ T and k ∼ T. The gluon self-energy correction to the diagram in Fig. 8 is shown in Fig. 9 . This diagram has an imaginary part that contributes to the thermal width of the state:
where
The width is infrared (IR) divergent; the divergence has been regular-
The origin of this thermal width may be traced back to the Landau-damping phenomenon, i.e. the scattering of heavy quarks with hard space-like particles in the medium (see Fig. 10 ). The Landau-damping phenomenon plays a crucial role in quarkonium dissociation [40] . It is when Im V s (r)| Landau−damping ∼ Re V s (r) ∼ α s /r that the quarkonium dissociates. The dissociation temperature is parametrically given by πT dissociation ∼ M b g 4/3 . Note that the interaction is screened when 1/r ∼ m D and that in the weak coupling (
The typical dissociation temperature, T dissociation , for the Υ(1S) is about 450 MeV [9] , which implies that a temperature, T, such that πT is about 1 GeV, is below the dissociation temperature. Integrating out the energy scale E from pNRQCD HTL provides corrections to the mass and width of the quarkonium in the thermal bath. The leading diagram is shown in Fig. 11 , where HTL gluons couple to the singlet through chromoelectric dipole vertices. The loop momentum region is taken to be k 0 ∼ E and k ∼ E. For E ≫ m D , Λ QCD , the contribution to the thermal width of the Υ(1S) is given by
and I 1,0 = −0.49673 (similar to the Bethe logarithm). The width is ultraviolet (UV) divergent. Note that the UV divergence of (15) cancels against the IR divergence of (14) . 
The thermal width Γ (E)
1S , which is of order α 3 s T, is generated by the break up of a quarkantiquark colour-singlet state into an unbound quark-antiquark colour-octet state (see e.g. Fig. 12 ): a process that is kinematically allowed only in a medium. The singlet to octet break up is, therefore, a different phenomenon with respect to the Landau damping. The width is an observable, therefore, finite and scheme independent. The logarithm, ln E 2 1 /T 2 , is a relic of the cancellation between the IR divergence at the scale T and the UV divergence at the scale E.
Conclusions
Our understanding of the theory of quarkonium has dramatically improved over the last fifteen years. An unified picture has emerged that is able to describe large classes of observables for quarkonium in the vacuum and in a medium. For the ground state, precision physics is possible and lattice data provide often a crucial complement. In the case of quarkonium in a hot medium, systematic treatments have disclosed new phenomena that may eventually be responsible for the quarkonium suppression observed in heavy-ion collisions.
